Turnip yellow mosaic virus (TYMV) is a non-enveloped icosahedral virus composed of 20 kDa single coat proteins. In this study, we modified the TYMV coat protein (CP) ORF by inserting an oligonucleotide linker corresponding to T7, HSV, Tat, (Arg) 9 , or (RxR) 4 peptide at the 5'-end of the CP ORF and examined its effect on replication, RNA packaging, and virion assembly. The results showed that the constructs containing (Arg) 9 and (RxR) 4 sequences were barely capable of replication. The TYMV constructs containing T7 and Tat peptide produced virions that co-migrated with wild-type virions. However, the insertion of T7 and Tat sequences impaired genomic RNA (gRNA) accumulation and packaging, respectively. When only the CP gene was expressed, CPs with (Arg) 9 or (RxR) 4 successfully produced virus-like particles whose mobility was comparable to that of wild type. In the case of CP having a HSV tag, the virion band was not detected, although a sufficient amount of CP was produced. This indicates that CP with the HSV tag failed to assemble into virions. Overall, the results suggest that TYMV replication, RNA packaging and virion assembly are strongly influenced by the insertion sequence.
INTRODUCTION
Plant viruses are an ideal drug delivery vector because they are highly symmetrical, robust, and biocompatible (3, 4) .
Small drug molecules, including the anticancer drug doxorubicin, can be covalently attached to or encapsulated within virus particles (5) . These viral particles can be delivered to specific tissues, including tumors, when labelled with specific peptides, e.g., Cowpea mosaic virus particles displaying peptide F56 specifically localized in tumors overexpressing vascular endothelial growth factor receptor 1 (6). Here, we further modified the CP genes to produce proteins with T7, HSV, Tat, (Arg) 9 , or (RxR) 4 peptide at the CP N-terminus and examined the effect on viral replication, RNA packaging, and virion assembly. Tat, (Arg) 9 and (RxR) 4 peptides are known as cell penetrating peptides that enhance the entry of proteins, siRNAs, or other macromolecules into cells (10) . The results obtained here show that TYMV replication, RNA packaging, and virion assembly are strongly influenced by the sequence inserted at the 5'-end of CP ORF, in contrast with previous reports.
MATERIALS AND METHODS

DNA constructs
TY-HSV-CP, TY-T7-CP, TY-Tat-CP, TY-R9-CP and TYRxR-CP constructs were made by inserting oligonucleotide linkers into the SpeI/EcoRI restriction sites of the TY-M-CP construct described previously (9) . The nucleotide and amino acid sequences are shown in Fig. 1 . To make CP constructs, the CP ORFs including the inserted sequence of the recombinant TYMV constructs were PCR-amplified with the following primers: TY(+)5596F (5'-CGCTGAG-TCTGAATTGCTTCACTACG-3') and TY(-)6223R (5'-GATCGAGAACTTAGGTGG-3'). The PCR product was digested with SpeI and XmaI, and was cloned into the pCB-M-CP construct, a derivative of the CP/pA construct. The pCB-M-CP and CP/pA constructs were described previously (9) . The resulting constructs were designated as HSV-CP, T7-CP, Tat-CP, R9-CP and RxR-CP.
Plant material
Agroinfiltration of the Agrobacterium tumefaciens harboring the recombinant CP and TYMV constructs into Nicotiana benthamiana was carried out as described previously (11) . Seven days after agroinfiltration, the infiltrated leaves were collected. For RNA and protein extraction, the leaf samples were frozen in liquid nitrogen immediately after collection and were stored at -80℃. For encapsidation assay, the leaf sample was ground with 4 times its volume of phosphate buffer (pH 7.0). The homogenate was clarified by the addition of 0.2 volumes of chloroform, centrifuged briefly, and was stored at 4℃ until use.
Analysis of RNA
Ribonuclease protection assay for encapsidated RNA and Northern analysis were performed as previously described (11) . Briefly, in the encapsidation assay, leaf extracts in sodium phosphate buffer were incubated with RNase A (5 μg/ml at the final concentration) before phenol extraction. In Northern blot hybridization, the membranes were hybridized with a DIG-labeled DNA probe representing the coat protein ORF (nt-5641 to nt-6231).
Analysis of coat protein
Coat protein (CP) was examined by 12.5% SDSpolyacrylamide gel electrophoresis (SDS-PAGE) followed by 
Analysis of virions
Virions in leaf extracts or in PEG-precipitated samples were analyzed as described previously (9) . PEG precipi- sequence corresponding to T7, HSV, Tat, (Arg) 9 , or (RxR) 4 peptide (Fig. 1) . The inserted peptides were connected to the TYMV CP N-terminus via a linker comprising 6 or 7 amino acids. These modified TYMV constructs were introduced into Nicotiana benthamiana using the Agrobacteriummediated T-DNA transfer system. Seven days after agroinfiltration, leaf extracts were prepared from the infiltrated leaves. Total and encapsidated RNA samples from agroinfiltrated leaves were examined by Northern blotting using the DIG-labeled DNA probe encoding CP (Fig. 2) , as previously described (11) . The TY-M-CP, TY-T7-CP, TY-HSV-CP, TY-Tat-CP, TY-R9-CP, and TY-RxR-CP constructs are hereafter abbreviated as TY-M, TY-T7, TY-HSV, TY-Tat, TY-R9, and TY-RxR, respectively. Total RNA analysis revealed that only TY-T7 replicated as efficiently as TY-M ( Fig. 2A) .
In other constructs, poor replication or an unusual pattern of viral RNA accumulation was observed. In TY-R9 and TY-RxR, TYMV RNA was not detected. Similarly, viral RNA was barely detected in TY-HSV. However, TYMV CP was detected in the TY-HSV sample when proteins were examined by anti-TYMV CP antibody (Fig. 2B ). For confirmation, Northern blotting was conducted again with six times more RNA sample in the TY-HSV case. The result showed the presence of viral RNAs ( Fig. 2A) . In TY-Tat (Fig. 2A) , the banding patterns were similar in TY-M and TY-Tat constructs. TY-T7 gRNA was barely observed in the "encapsidated RNA" sample, suggesting that it was not efficiently packaged. In TYΔCP2, encapsidated viral RNA bands were not evident, which was anticipated from the CP structural defect. In the TY-HSV case, the band shown at sgRNA position seems to be an artifact because no such band was observed in this sample in a separate experiment and no viral RNA band was detected in the mobility shift assay of virions (Fig. 3A) .
Effect of the CP modification on virion assembly
To examine whether modified CPs influenced virion assembly, virions in leaf extracts were partially purified by polyethyleneglycol (PEG) precipitation and examined by electrophoresis on a 1.0% agarose gel, followed by Northern blotting of viral RNAs. PEG precipitation of TYMV virions was conducted following the TYMV purification described by Lane (12) . Viral RNAs were liberated by alkali treatment of the gel after electrophoresis and blotted onto a nylon membrane, followed by hybridization using a DIG-labeled CP probe. Here one RNA band, unlike two (gRNA and sgRNA) bands in the conventional Northern blotting, is detected at the position of virions. The result showed that the TY-M, TY-Tat, and TY-T7 constructs produced the bands co-migrating with wild-type TYMV virions (Fig. 3A) , suggesting that the modified CPs assembled correctly. were electrophoresed on a 1% agarose gel, and were examined by Western blot analysis (top panels), as described in Figure 3B . CPs in the samples were also examined by Western analysis after SDS-PAGE and blotting to nitrocellulose membrane (bottom panels). CP was detected as described in Figure 2C . CPpA, described previously (9), produces unmodified TYMV CPs. Because some inserted sequences appeared to interfere with TYMV replication, we prepared constructs containing only CP genes (Fig. 4A) to directly examine the modified CPs. To prepare CP constructs, CP ORFs including the inserted sequence in the recombinant TYMV constructs were PCR-amplified and cloned into the SpeI/XmaI sites of the pCB-M-CP construct (9) . The recombinant CP genes were expressed under the influence of double CaMV 35S promoters, as observed for the TYMV constructs shown (Fig.   1 ). The CP mRNAs have a translation enhancer Ω derived from Tobacco mosaic virus and have a poly(A) tail at the 3'-ends. Except for the differences, CP would be the same as the proteins produced from the TYMV constructs described earlier.
Virion assembly with these modified CPs was examined by agarose gel electrophoresis followed by Western blotting (Fig. 4B and Fig. 4C ). Here, all CPs including those from the R9-CP and RxR-CP constructs were successfully pro- CPs. However, the assembled particles, if any, are likely to be different from the authentic TYMV virions because they are excluded in the PEG precipitation step (Fig. 3C and Fig.   4C ) and are unable to protect viral RNAs (Fig. 3A) .
DISCUSSION
In TYMV replication, the 5'-untranslated region (UTR) and 3'-terminal sequence element, called an initiation box, are essential. Two 5'-UTR hairpins and a 17-nucleotide region upstream of the hairpins are crucial for efficient replication (14) . In vitro studies using purified TYMV RNAdependent RNA polymerase (RdRP) showed that template copying was predominantly controlled by the -CCA "initiation box" at the 3'-end, which needs to be non-base-paired and readily accessible (15, 16) . (Fig. 2) . It was also reported that about 10% of viral RNA, compared to wild type, accumulated in the leaf cells transfected with a TYMV mutant RNA unable to produce CP (1) . Therefore, it is highly likely that the insertion of (Arg) 9 , or (RxR) 4 sequence has a direct detrimental effect on replication rather than on RNA packaging.
The case of TY-Tat seems more complicated; gRNA accumulation was impaired but with a less conspicuous effect on sgRNA. This could be due to aborted synthesis of (-)-strand. When the (-)-strand synthesis is incomplete, the resultant RNA would lack the replication element at the 5'-end, leading to decreased production of (+)-gRNA. sgRNA synthesis would not be affected because the sgRNA promoter, tymobox, resides upstream of CP ORF (19) and is far downstream of the 5'-element.
The situation with TY-T7 shows that gRNA packaging is inefficient, while sgRNA packaging is unaffected. This could be because the extra T7 peptide modifies the TYMV capsid structure and excludes larger RNA packaging. A crystal structure study of the TYMV virions revealed that the N-terminal part of some TYMV CPs (A subunit) is flexible and move inside/outside the virions through the opening at the pentamer apex (2) . If this mobility was affected by the T7 peptide such that the T7 peptide stayed inside the virion, the space inside the virion could be restricted/modified and the packaging of bigger RNAs be excluded. In some plant RNA viruses, including the Cucumber mosaic virus, the virion structure is flexible and accommodates RNA twice as large as that found in wild type (18) . Recently, we observed that the efficiency of TYMV gRNA encapsidation sharply decreased when an extra sequence of ≥2.2 kb was inserted (20) . Considering the size constraint in TYMV RNA packaging, the change in virion structure caused by the T7 peptide, if any, could have resulted in gRNA exclusion.
